



















Sideband cooling while preserving coherences in the nuclear spin state in
alkaline-earth-like atoms
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We propose a method for laser cooling alkaline-earth-like atoms without changing the quantum
state of their nuclear spins, thus preserving coherences that are usually destroyed by optical pumping.
As alkaline-earth-like atoms have a 1S0 closed-shell ground state, nuclear spin and electronic degrees
of freedom are decoupled, allowing for independent manipulation. The hyperfine interaction that
couples these degrees of freedom in excited states can be suppressed through the application of
external magnetic fields. Our protocol employs resolved-sideband cooling on the forbidden clock
transition, 1S0 →
3P0, with quenching via coupling to the rapidly decaying
1P1 state, deep in the
Paschen-Back regime. This makes it possible to laser-cool neutral atomic qubits without destroying
the quantum information stored in their nuclear spins. The cooling scheme is analyzed based on
two examples, 171Yb and 87Sr.
The ability to coherently control atoms has allowed
for major advances in precision measurement for tests of
fundamental physics [1] and new proposed applications
such as quantum simulators and universal quantum com-
puters [2]. Though traditionally alkali (group-I) atoms
are used in many of these applications given our ability
to laser cool and trap them with relative ease, alkaline-
earth (group-II) atoms are also being considered given
long-lived metastable states, accessible lasers for cooling
and trapping, and a rich (but tractable) internal struc-
ture. One distinguishing feature of group-II vs. group-I
elements is that the ground state is a closed-shell, 1S0,
with zero electron angular momentum, and thus no hy-
perfine coupling to the nuclear spin. This will allow us to
independently manipulate nuclear and electronic degrees
of freedom in ways that are not easily accomplished with
alkali atoms.
From the perspective of storing and manipulating
quantum information, nuclear spins in atoms are attrac-
tive given their long coherence times and the mature tech-
niques of NMR [3]. Recently, we have studied a protocol
in which nuclear spins can mediate quantum logic solely
through quantum statistics via an “exchange blockade”
[4]. This allows us to isolate nuclear spins from noisy per-
turbing forces while simultaneously providing a mecha-
nism by which strong qubit-qubit interaction can be im-
plemented via cold collisions. As is typical in atomic
quantum logic protocols, heating of atomic motion de-
grades performance. In atoms with alkali-like electronic
structures, laser cooling cannot be used to re-initialize
atomic vibration in the course of quantum evolution be-
cause this is accompanied by optical pumping that erases
the qubit stored in the internal degrees of freedom. One
must therefore resort to sympathetic cooling with an-
other species [5]. In this article we propose and analyze
a new protocol in which one can continuously refrigerate
atomic motion while simultaneously maintaining quan-
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tum coherence stored in nuclear spins. We will explain
our cooling scheme in detail using two example species,
87Sr and 171Yb, both of which are actively studied in the
laboratory for application to optical clocks [6–8]. While
Yb is a rare-earth element, it has the electronic structure
of an alkaline earth.
Our protocol is based on resolved-sideband laser cool-
ing [9] of alkaline-earth-like atoms, tightly trapped in the
Lamb-Dicke regime, as in optical lattices currently under
consideration for next-generation atomic clocks based on
optical frequency standards [6]. To this end we propose
cooling based on the weakly allowed intercombination
“clock” transition 1S0 →
3P0. We consider also the ad-
dition of external magnetic fields in order to aid in the
independent manipulation of nuclear spin and electronic
degrees of freedom. In principle, due to the extremely
small linewidth Γ of this transition (few mHz), the side-
bands are easily resolved, and extremely cold tempera-
tures can be reached through spontaneous decay back
to the ground state. On the other hand, this same fea-
ture implies a cooling cycle that is too slow for practical
use, and repumping is necessary in order to quench the
metastable clock state by coupling it to another shorter
lived state (see Fig. 1).
There are several different routes that can be used to
recycle population back to the ground state. Selection
rules dictate that any rapidly decaying state will have
a hyperfine interaction that can act to affect the nu-
clear spin state. In a sufficiently strong magnetic field,
however, such that the Zeeman effect on the electrons
dominates over the hyperfine interaction (Paschen-Back
regime [10]), the electronic and nuclear spin states are de-
coupled and the joint electronic-nuclear state is to very
good approximation in a product state, |Ψ〉 ≈ |J,mJ〉 ⊗
|I,mI〉. Under these conditions, a transition between this
and another product state (e.g. the ground state) cou-
ples the electronic degrees of freedom, leaving the nuclear
spins unchanged 〈Ψ′|d|Ψ〉 = 〈J ′,m′J | · d|J,mJ〉δmI ,m′I .
The key point is that there is no direct electric-dipole
coupling of the nuclear spins to the laser light, and thus
the nuclear spin projection can only change via this inter-
2FIG. 1: Schematic cooling and readout level-diagram for
171Yb (analogous for 87Sr). Sideband cooling in a trap occurs
via excitation on the 1S0 →
3P0 clock transition (vibrational
levels not shown), quenched by coupling to the 1P1 state. An
external magnetic field splits the 1S0 and
3P0 nuclear sub-
levels (spin-up and down shown), ensuring that resonant ex-
citation preserves the nuclear spin. The Zeeman splitting in
the Paschen-Back regime on 1P1 ensures preservation of nu-
clear spin in repumping. The dashed arrows demonstrate a
possible readout scheme by resonance fluorescence. Using the
relative sign and size of splitting in the 1P1, mJ = −1 man-
ifold when compared to the ground-state Zeeman shift, one
can excite only the nuclear spin-up state, whereas spin-down
is detuned from resonance by ∆.
action when mediated through its hyperfine interaction
with the electrons.
The first step in the protocol is a π-pulse on the clock
transition, detuned to the first red sideband, |1S0, n〉 →
|3P0, n−1〉, where n is the vibrational quantum number.
Since this is a J = 0 → J = 0 transition, it is only
allowed due to a small admixture of the higher-lying 3P1
state via the hyperfine interaction [11],
|3˜P0〉⊗|mI〉 ≡ |
3P0〉⊗|mI〉+ǫ|
3P1〉⊗|F = I,mF = mI〉.
Thus, the Rabi frequency of a transition driven between
|1S0〉 and |3˜P0,m
′






1S0〉 ·E 〈F = I,mF = m
′
I |I,mI ; 0, 0〉.
From this expression we see that a nuclear spin-
projection-changing transition is not forbidden by selec-
tion rules; the Rabi frequencies for different final m′I val-
ues are determined by a factor of a Clebsch-Gordan co-
efficient. Conservation of mI on the clock transition is,
however, ensured to excellent approximation by the dif-
ferential detuning in a strong magnetic field such that the
Zeeman shift µNB ≫ ~Ωc, where µN is the nuclear mag-
neton (see Fig. 1). This is easily achieved for the param-
eters at hand. The resonant Rabi frequency on the clock
transition can be expressed as Ωc = Γ
√
I/(2I0), where
I is the applied intensity, Γ is the 3P0 decay rate, and
I0 = (π/3)(hcΓ/λ
3) is the saturation intensity of that
FIG. 2: a) Breit-Rabi diagram of the 1P1 state of
171Yb. For
moderate magnetic fields, the hyperfine states decouple to
product states of electron and nuclear spin (Paschen-Back).
The states |a〉 and |b〉, used in our cooling scheme, asymptote
to |mJ = 0〉 ⊗ |↓〉 and |mJ = 0〉 ⊗ |↑〉, respectively. b) Level
spectrum for 87Sr in a magnetic field. Given the larger nu-
clear spin of 87Sr (I = 9/2) as compared to 171Yb, each mJ
subspace consists of 10 sublevels. The Paschen-Back regime
is reached for smaller magnetic fields due to the smaller hy-
perfine interaction.
transition. For the 1S0 →
3P0 clock transition in
171Yb,
where λ = 578 nm, Γ/2π = 10 mHz, and I0 = 6.17
pW/cm2, a modest intensity of I = 10 W/cm2 gives a
carrier Rabi frequency of Ωc/2π = 9.0 kHz; on the first
red sideband this is reduced by a factor of the Lamb-
Dicke parameter. In 87Sr, where λ = 698 nm, Γ = 1
mHz, and I0 = 0.36 pW/cm
2, the same intensity yields a
Rabi frequency of Ωc/2π = 3.7 kHz. In a bias magnetic
field of order 100 to 1000 G needed for decoupling elec-
tron and nuclear spin during the repumping (see below),
the Zeeman splitting is more than sufficient to ensure
conservation of nuclear spin for excitation on the clock
transition.
In principle, extremely low temperatures and preser-
vation of nuclear spin states would be achieved through
spontaneous emission on the clock transition, with a
steady state mean vibrational excitation of 〈n〉 ≈
Γ2/(2ωv)
2 [9], where ωv is the atomic vibrational fre-
quency in the trap. Relatively large oscillation frequen-
cies of ω/2π = 90 (80) kHz have already been realized
3for Yb (Sr) in an optical lattice in 1D at the “magic
wavelength” of 759 nm (813 nm) [7, 12]. These tight
confinements, together with the very narrow linewidths
of 3P0 predict an extremely low average vibration 〈n〉 =
10−15 (10−16). Of course, the true achievable tempera-
ture will depend strongly on the suppression of the dif-
ferent heating mechanisms. In addition, as considered so
far, this cooling cycle is too slow for practical use. We
thus turn to consider quenching mechanisms.
The metastable state can be quenched by coupling to
the 1P1 state. This level decays with very high prob-
ability to the ground 1S0 state, and has a very broad
linewidth, Γ > 10 MHz. Direct excitation, 3P0 →
1P1,
is only magnetic-dipole-allowed, by consideration of par-
ity. The magnetic-dipole matrix element for this tran-
sition in 88Sr was found to be 0.022µB [13]; we assume
the same order of magnitude for 87Sr and 171Yb whose
electronic structures are very similar. Because this is a
forbidden transition, for modest intensities the repump-
ing Rabi frequency Ωrp ≪ Γ. In this case, the effective
relaxation rate of the 3P0 state back to the ground state
is Γeff ≈ Ω
2
rp/Γ. Paradoxically, this scales inversely with
the spontaneous emission rate of the rapidly decaying
state. We understand this as a example of the quantum
Zeno effect [14]; rapid spontaneous emission “measures”
the atom to be in the 1P1 state and thereby suppresses
coherent transfer of population from 3P0. In principle,
the quenching rate can be increased through very intense
fields such that Ωrp is on the order of Γ. These intensi-
ties, however, are likely to drive off-resonant transitions
to close by D states that are electric-dipole allowed.
Alternatively, we can quench the population by driv-
ing from the metastable clock state 3P0 to an excited
1S0 state (e.g.
1S0(6s7s) in Yb) in another clock-like
transition. Since this state has a longer lifetime than
1P1, we can quench faster for the same Rabi frequency
when compared to direct repumping. This state decays
to the 1P1 state, which in turn decays back to the ground
state. One must take care to ensure that the nuclear
spin does not decohere due to spontaneous decay. In the
strong applied magnetic field in the Paschen-Back regime
as described below, there is a large Zeeman splitting in
the 1P1 state, of the order of the hyperfine splitting for
mJ 6= 0. If this splitting is resolved (i.e. larger than the
1P1 linewidth), then decay from the
1S0 excited state to
the 1S0 ground state via the
1P1(mJ = ±1,mI) state will
lead to decoherence, since the frequency of the emitted
photon supplies information about the nuclear spin state.
In the species under consideration, the linewidth of both
the 1S0 and
1P1 states are on the order of tens of MHz,
whereas the hyperfine constant is A/h = −200 MHz for
171Yb, and A/h = −3.4 MHz for 87Sr. Thus, in 87Sr,
nuclear sublevels are not resolved within a mJ subspace,
and the population can be driven to the excited 1S0 state
without causing decoherence. In contrast, for 171Yb these
sublevels are resolved, and we must avoid decay of the ex-
cited 1S0 state through distinguishable channels. Instead




off resonance from the intermediate state. Yet another
alternative for either Yb or Sr is to use the excited state
3S1 as the intermediate state for a Raman transition from
3P0 →
3S1 →
1P1(mJ = 0). This has the advantage that
in the second leg of this transition, the intercombination
line is not completely forbidden by selection rules, allow-
ing for larger effective Rabi frequencies and depopulation
rates for the same intensity.
All of our quenching mechanisms involve the 1P1 state,
which has hyperfine interaction. As discussed above,
such an interaction can decohere the nuclear spin. We
avoid this by decoupling nuclear and electronic degrees
of freedom in a magnetic field B. The 1P1 subspace is
then governed by the familiar Zeeman Hamiltonian,
Hˆ = AIˆ · Jˆ+ gJµBJˆ ·B− gIµN Iˆ ·B, (1)
where gJ and gI are the relevant electron and nuclear
g-factors. For 171Yb, we can analytically solve for the
energy spectrum and eigenstates using a modified Breit-
Rabi formula,












where x = (gIµB+gJµN )B/EHF, and EHF = A(J+1/2).
The resulting Zeeman diagram can be seen in Fig. 2.
Note that in the usual derivation of the Breit-Rabi for-
mula for alkalis, the electron angular momentum is J =
1/2 and the nuclear spin I is arbitrary. Here the reverse
is true – the nuclear spin is I = 1/2 and the electron
angular momentum J is variable, leading to the modified
form above. In order to avoid nuclear spin decoherence
in quenching, we must pump directly to those 1P1 states
that asymptote in large field to |mJ = 0〉|mI〉, either
by direct excitation or Raman repuming, as described
above. These 1P1 states have zero projection of electron
angular momentum on the quantization axis, and thus
the Zeeman splitting mI = ±1/2 is very close to the Zee-
man splitting of the state 3P0 which has J = 0. Nuclear
coherence will then be preserved, to the degree that we
are in the Paschen-Back regime.
In 171Yb we can use the Breit-Rabi solution to evaluate
the spin-flip probability arising from incomplete decou-
pling of nuclear and electronic degrees of freedom. De-
coherence is described by a “depolarizing channel” spec-
ified by these probabilities. In a finite B-field, we denote
|a〉 and |b〉 such that asymptotically |a〉(|b〉) → |mJ =
0〉 ⊗ |↓〉(|↑〉) as B → ∞ (see Fig. 2). Figure 3 shows the
spin-flip probabilities |〈a|↑〉|2 and |〈b|↓〉|2 as functions of
the applied field, rapidly decreasing below 0.1 for mag-
netic fields greater than 300 G. For a field of 1 kG the
spin-flip probabilities are 0.01 and 0.008. The small dif-
ference between these stems from the different admix-
tures of nuclear and electron spin in these two states for
finite fields.
4FIG. 3: Spin-flip probability due to incomplete decoupling of
nuclear spin and electron angular momentum in the 1P1 state
in 171Yb (a) and 87Sr (b) as a function of the magnetic field.
In 87Sr, neither the total electron angular momentum
nor the nuclear spin are 1/2, and thus the Breit-Rabi for-
mula does not apply. Solving numerically, the resulting
Zeeman diagram can be seen in Fig. 2. Each of the three
subspaces formJ = 1, 0,−1 consists of 10 sublevels which
asymptote to the 2I + 1 projections associated with the
nuclear spin of this isotope, I = 9/2. Given the relatively
small hyperfine splitting, a magnetic field of 130 G suf-
fices to obtain a nuclear spin-flip probability of about 1%
in spontaneous decay of the 1P1 state.
Another source of error that we must address is the
difference between the nuclear g-factor of 3P0 and the
ground 1S0 state, which arises from hyperfine mixing [15].
This results in slightly different Zeeman splittings of the
nuclear spin states in each of these levels, and thus differ-
ential detunings for each of the magnetic substates when
we apply a π-pulse on the first red sideband of the clock
transition, making the levels distinguishable. This can be
rectified through control techniques for robust π-pulses
that are relatively immune to detuning errors [16].
Although we have argued throughout this Letter that
one needs to decouple nuclear and electronic degrees of
freedom in order to preserve nuclear spin coherence dur-
ing laser cooling, we still require an interaction that al-
lows for final readout of the nuclear spin state via reso-
nance fluorescence. Note that complete decoupling of nu-
clear and electronic degrees of freedom occurs only when
the applied magnetic field is as large as the magnetic
field seen by the nucleus due to the electrons. These are
enormous fields, and we can achieve Paschen-Back well
before that regime. It is thus possible to achieve the req-
uisite decoupling of electron and nuclear spin to preserve
coherence, yet still use the hyperfine interaction for final
readout. Consider first, 171Yb. According to Eq. (1), the
splitting between the |mJ ,mI = ±1/2〉 states is given
by ∆E = gIµNB + AmJ , where A is the hyperfine con-
stant for the 1P1 state. Given
171Yb in a magnetic field
of 1 kG, the splitting between the |mJ 6= 0,mI = ±1/2〉
states is on the order of 200 MHz. The splitting be-
tween the |↑〉 and |↓〉 in the 1S0 ground state arises
solely due to the Zeeman interaction with the nuclear
spin, equal to 760 kHz for the applied field (gI = 1).
This makes it possible to selectively drive the transition
|1S0,mI = +1/2〉 → |
1P1,mJ = −1,mI = +1/2〉 as
shown in Fig. 1 for readout.
For 87Sr in a magnetic field of 130 G, the splitting
between neighboring substates in mJ = ±1, dominated
by the hyperfine interaction, is 3.4 MHz. This splitting
is not resolved given the 32 MHz linewidth of the 1P1
state, and thus we cannot selectively excite a given mI
level in the same way as we described for 171Yb. We can,
however, take advantage of the difference in the g-factors
of the 1S0 and
3P0 states in Sr in order to manipulate
population in the individual magnetic sublevels. Con-
sider a robust control pulse that transfers all population
from 1S0 to
3P0 level. The difference in Zeeman splitting
implies that a narrow-band π-pulse can selectively re-
turn population in a chosen mI level to the ground state,
leaving the remaining sublevels shelved in the metastable
clock state. The occupation of level mI can then be
probed via fluorescence on the 1S0 →
1P1 transition. The
procedure of shelving and activating the state of interest
mI , thus allows us to sequentially measure population in
each sublevel.
In this Letter we have shown that through a combi-
nation of laser spectroscopy and magnetic interactions,
it is possible to independently manipulate nuclear and
electronic degrees of freedom in alkaline-earth-like atoms
such as 171Yb and 87Sr. This capability affords us with
the means to laser-cool the motion of an atom via cou-
pling of electrons to light, without effecting the quantum
state of the nucleus. This has potential applications in
precision measurement, quantum information processing,
and studies of new phases of matter.
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